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Abstract 
A vinyl phosphonic acid based flame retardant coating has been applied on the surface of a glass-
fibre reinforced epoxy (GRE) composite substrate using a UV polymerisation technique. On 
exposure to heat the poly (vinyl phosphonic acid) (PVPA) coating thus obtained, intumesces and 
acts as a thermal insulator, providing active fire protection to the composite structure. Samples 
with ~300 and 500 µm thick coatings were prepared. The fire performance of the coated GRE 
composite was studied by cone calorimetry at 35 and 50kW/m2 heat fluxes. While the sample with 
~500 µm thick coating did not ignite at both heat fluxes, the one with the ~300 µm thick coating 
ignited at 50 kW/m2, however the time-to-ignition was delayed from 60 s in the uncoated sample 
to 195 s and the peak heat release rate reduced from 572 kW/ m2 to 86 kW/ m2.  The coatings did 
not peel off when subjected to a tape pull test and resisted cracking/debonding during an impact 
drop test of upto 5 J energy. However, the coatings are hydrophilic, showing significant mass loss 
in a water soak test. The improvement of the hydrophobicity of these coatings is a focus of our 
future research. 
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1. Introduction 
 
Flame retardant (FR) coatings have been used for centuries to protect different substrates ranging 
from textiles, wood, metals and recently organic polymers, against fire. The major advantage of 
surface coatings as opposed to adding flame retardants (FRs) in the bulk of material is that this 
method allows the concentration of FR chemicals on the surface of the substrate [1,2], which apart 
from effectively protecting the substrate from ignition helps in preserving the mechanical 
properties of the material [3,4].  Conventional flame retardant coatings either intumescent or non-
intumescent types contain flame retardant chemicals dispersed in a binder and the formulation is 
then applied on the surface of the substrate [5,6,7]. The use of resin binder however, adds extra 
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fuel, hence the FR chemicals have to be in relatively large proportions to be effective, making the 
coating thicker. To avoid the use of resin, flame retardant monomers can be directly polymerised 
on the surface of the substrate containing some functional groups. In recent years, phosphorus-
containing monomers have gained significant development in FR coating applications, owing to 
the flame retardant effect of these compounds. The phosphonate functionality in a monomer can 
promote char formation during combustion [8] and the char thus formed can provide a thermal 
barrier to the underlying substrates. The monomers containing phosphonate functionality (i.e. 
vinyl phosphonic acid (VPA), several dialkyl vinyl phosphonates, and various vinyl and allyl 
phosphine oxides) have been used as monomers for copolymerisation with one or two co-
monomers [6,9], or as oligomers that react with the polymer binder to form a branched or grafted 
phosphorylated polymer [10,11]. Furthermore, some of these phosphorus-containing monomers 
can be directly grafted or polymerised on textile substrates to obtain a phosphorylated polymer 
film [12,13], for instance, VPA monomer polymerised on finished textiles (i.e. cotton, polyamide, 
polyacrylonitrile and polyester), via photo-induced polymerisation [13]. The resulting coated 
textiles showed high levels of flame retardant performance and passed a vertical flammability test 
for protective clothing.  
 
In this work, the synthesis, characterization, and polymerisation of vinyl phosphonic acid 
monomer on a glass-fibre reinforced epoxy (GRE) composite substrate are reported.  This is more 
challenging than the textile substrates, where the surface is easily wet and the chemical structures 
of the textiles have more reactive groups. In the case of GRE the outer surface is mainly cured 
epoxy resin with very few hydroxyl groups for reacting with the VPA monomer.   
 
2. Experimental  
 
2.1 Materials 
2.1.1. Glass fibre-reinforced epoxy (GRE) composite: 
Epoxy resin system: epoxy phenol novolac resin (Araldite LY5052, Huntsman) and 
cycloaliphatic polyamine-2,2-dimethyl-4,4-methylene bis cyclohexylamine hardener (Aradur HY 
5052, Huntsman).  
Glass fibre: Woven roving glass fibre of E-glass type (300g/m2, Glasplies) 
 
 
 
2.1.2. VPA surface coatings 
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(i) Monomer (VPA): Vinyl phosphonic acid, Rhodia UK Ltd.  
(ii) Crosslinking agent: triallyl isocyanurate, TAICROS® (TCI Europe N.V.) 
(iii) Photo-initiator: 2-hydroxy-2-methylpropiophenone, Darocur1173 (TCI Europe N.V.) 
 
2.2 Sample Preparation 
2.2.1 Glass fibre reinforced epoxy (GRE) composite  
Eight pieces of 300 mm x 300 mm woven E-glass fabric were used for composite preparation, 
with the ratio of 50 wt% glass fibre and 50 wt% resin matrix. The GRE composite samples of 
~3mm thicknesses were fabricated using a hand lay-up method by impregnating each glass fabric 
layer with the resin using 30 wt% hardener w.r.t. resin, vacuum bagging and curing at room 
temperature (RT) for 24 h, and then post-curing at 80oC for 6 h.  
2.2.2 Polymerisation of VPA monomers on the GRE composite  
The monomer, vinyl phosphonic acid (VPA), crosslinker triallyl isocyanurate (5 wt% w.r.t. VPA) 
and photo-initiator Darocur 1173 (5 wt% w.r.t. VPA) were used to polymerise the VPA coating 
on the GRE composite substrate. All the chemicals were mixed and stirred by hand until a 
homogenous dispersion was achieved. The mixture was then applied on the GRE composite 
surface (75 mm x 150 mm) using a paint brush to obtain coatings of approximately 300 and 500 
µm thicknesses. Following this the coated samples were irradiated for given times in a 
photoreactor consisting of six 15 watt UV black light bulbs, which have a peak emission at 360 
nm wavelength. Irradiation distance was 30 mm. In order to eliminate the scavenging effect of 
oxygen during photo-polymerisation, nitrogen gas (99.99% purity with flow rate of 10 l/min) was 
purged into the photoreactor at all time. After UV irradiation for 5 h (300 µm thick) and 6 h (500 
µm thick), the VPA-coated GRE composite sample was removed from the photoreactor and then 
post-cured at 80 oC for 24 h in an oven.  
 
2.3 Physical and morphological characterisation of coatings  
 
All samples were weighed before and after the coating application and the wt% polymer coating 
deposited on the surface was calculated. The thicknesses of coatings were obtained from the 
difference of thicknesses of coated and uncoated samples, measured using a digital caliper.  
The morphologies of poly (vinyl phosphonic acid), (PVPA) surface coatings were studied using 
scanning electron microscopy (SEM, Hitachi Technologies Model 3400) with accelerating voltage 
capacity 1-30 kV and magnification ranges between 10X to 300,000X at 30 kV providing 
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resolution down to 10 µm. All samples were cut into 5 x 5 mm pieces and mounted on aluminium 
stubs with double sided conductive adhesive tapes. The metallization on the coated surfaces with 
gold was performed in argon atmosphere (20 Pa) using an Emitech SC7620 Mini Sputter Coater, 
with a current of 20 mA for 60 s. 
The chemical composition of the PVPA surface coating was studied by infrared attenuated total 
reflection spectroscopy (IR-ATR). In this technique, the sampling depth can be up to ~ 1 µm. The 
surfaces of coated samples were scanned in the range of 4000–600 cm−1 and recorded with a 
Nicolet iS10 spectrophotometer (Thermo Scientific). An IR spectrum also allows investigation of 
the polymerisation of the VPA monomer. 
 
 2.4. Flammability and thermal barrier study 
The flammabilities of all GRE composites with and without VPA surface coating were evaluated 
using a cone calorimeter (Fire Testing technology, UK). Sample size used was 75 mm x 75 mm, 
three replicate tests were carried out and the results averaged. The size of specimens used in this 
study is smaller than the standard size as dictated by ISO 5660-1 owing to the limitation in the 
quantity of composite panels manufactured. However, previous work performed in our laboratory 
[14] revealed that the fire performance is geometry independent at least within the range of 
dimensions considered in this study. Moreover, the cone calorimeter data determined in the study 
are presented on a relative basis with respect to the control composite. All samples were tested by 
exposing them to 35 and 50 kW/m2 heat fluxes in the horizontal mode at a distance of 25 mm from 
the cone heater without a spark ignition source. The different flammability parameters are reported 
as time-to-ignition (TTI), heat release rate (HRR), peak heat release rate (PHRR), time-to-PHRR 
(TPHRR), total heat release (THR) and total smoke release (TSR).  
In order to study the thermal barrier properties of each thickness of PVPA coating, three K-type 
thermocouples were placed, one on top of the surface coating and two on the back surfaces of 
samples. The thermocouples recorded temperature as a function of time using a recorder data 
logger for the duration of exposure to various heat fluxes during the cone experimental. Two 
specimens were tested and the average temperature–time profiles are reported in this study. 
 
2.5 Flexural properties of heat/fire damaged samples 
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The effect of one-sided radiant heating on the residual flexural moduli, Ef, of GRE composite 
samples with and without surface coatings was investigated. Test specimens (125 mm × 13 mm × 
~3 mm) were exposed to one-sided radiant heat fluxes of 35 and 50 kW/m2 from a distance of 25 
mm for varying periods (35 kW/m2 for 120 and 240 s; 50 kW/m2 for 30 s). The heat fluxes and 
exposure times were selected based on the cone results to ensure that the sample should not ignite. 
If the sample ignited, the flame was immediately quenched with a fire proof fabric followed by 
cooling in a ventilated room. The heat-damaged specimens were allowed to cool down naturally 
to ambient temperature before the residual char was scraped off. The flexural moduli of all test 
specimens were determined prior to coating and following fire exposure via a three-point bending 
test. For heat-damaged GRE composite samples, bending loads were applied on the heat-exposed 
surface of the test specimen using a 100 N load cell Instron 3369 tensometer in the displacement 
control mode (cross-head speed of 1 mm/min). The flexural moduli values were then calculated 
using the Engineers’ bending equation [15]: 
                                                 K
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3
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                                                                      (1) 
where l is the test span, h the thickness, b the width of the specimen and K is the flexural stiffness 
(e.g., the slope of the load–displacement curve). Two independent measurements were performed 
on each composite sample with the average data presented.  
 
2.6 Durability of coatings 
 
A tape pull test was performed to evaluate the adhesion between a coating and the GRE composite, 
similar to the one specified in BS EN ISO 2409:2007 [16], often used to examine the adhesion of 
films or sheets to an adhesive surface. In this work a piece of Sellotape (25 mm x 50 mm size) 
was applied on the surface of the coated composite sample (75 mm x 75 mm size) and smoothed 
with fingers to ensure good contact. Holding the sample with one hand, the tape was then peeled 
back at 180o angle in one smooth movement with the other hand. The test was repeated three times 
on different locations on the same sample.  
In order to study fracture of the coating after applied impact loading, the coated samples (75 mm 
x 75 mm size) were tested with a Instron-Dynatup 9250 HV drop weight impact with a 16 mm 
diameter hemispherical tup. The steel impactor was of mass 4.62 kg and dropped from 110 mm 
height to produce an impact velocity of 1.46 m/s and 5 J impact energy loading. This impact energy 
was selected based on the observed damage (surface cracking) on control GRE composite after 
exposure to this condition. The digital images of the samples after the impact tests were studied to 
investigate the damage to the coatings. Two replicate specimens of each sample were tested. 
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To evaluate the effect of water on coatings, the coated samples were studied by the water-soak 
test, according to BS EN ISO 2812-2:2007 standard [17]. The four edges of GRE composite (35 
mm x 35 mm specimen) with and without surface coatings were sealed by applying epoxy resin 
before testing. After that the samples were fully immersed in 100 ml of deionised-water at RT and 
removed after 24 h. Finally, the samples were dried at RT for 24 h and then at 100 oC for 2 h.  
 
Before and after the tape-pull test and the water-soak test, all samples were weighed, images taken 
with a digital camera and their thicknesses were measured using a digital caliper to investigate the 
damage to morphologies of the coated surfaces after the tests.  
 
3. Results and Discussion 
 
3.1 Surface characterisation 
In Table 1, the thickness of each coating and the wt% PVPA deposition are reported. The results 
in Table 1 show that with ~360 µm thick coating (sample GRE-0.3PVPA), 17 wt% PVPA and 
with 570 µm coating (sample GRE-0.5PVPA), 26 wt% PVPA were deposited. Since each 
specimen was individually coated, there is a small variation in mass of the coating and the coating 
thickness (see Table 1). 
 
The results in Fig. 1 (a - e) show that after VPA polymerisation in samples GRE-0.3PVPA and 
GRE-0.5PVPA, a rougher and scalier surface was observed, compared to the smooth surface 
observed in the control sample. The PVPA coatings are uniform and completely cover the surface, 
indicating a uniform, polymerised PVPA film covering the whole GRE surface. The increase in 
coating thickness has no further effect on the roughness of the surfaces. 
 
3.2 Infrared spectroscopy (IR) of the surfaces 
The transmittance IR traces of GRE composite, VPA monomer and GRE-PVPA samples are 
shown in Fig. 2 (a-c). From Fig. 2 (b), the characteristic peaks of VPA monomer can be identified 
as: bands at 1040–890 cm-1: a symmetric stretching vibrations of P-OH group; 1115 cm-1: P=O 
stretching of the phosphonic acid; 1405 cm-1: vinyl C-H in plane bending; 1614 cm-1 : C=C band 
of the vinyl phosphonic acid and broad bands with medium intensity at 2850-2750 and 2500-2300 
cm-1: P-O-H group [18,19,20]. In Fig. 2 (c), all characteristic peaks of the VPA monomer except 
for C=C can be seen in the PVPA thin film on the surface of the composite, suggesting that the 
phosphoric acid group of the PVPA units is preserved during the photo-polymerisation. The 
absence of the C=C band at 1614 cm-1, and the appearance of saturated aliphatic C-H bending and 
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stretching at 2922 and 2852 cm−1 in the PVPA spectrum is indicative of the increase in C-C bonds 
during the polymerisation reaction. Moreover, crosslinking between VPA polymer chains and the 
triallyl isocyanurate in PVPA film is indicated by the new peaks at 1459 cm-1 corresponding to C-
H stretching and 1662 cm-1 representing C=O stretching vibrations, both of which are the 
characteristic peaks of triallyl isocyanurate [21,22]. As compared to the control sample, the GRE-
PVPA sample is very different. In the latter, all the characteristic peaks of epoxy resin [23], such 
as aromatic C-H (1606 and 1509 cm−1), aromatic ring stretching (1583 and 1450 cm−1), C-O (1110 
and 1080 cm-1) and epoxy ring (1241 cm-1) are replaced by the peaks representing the PVPA 
coating, which indicates that the coating completely covers the GRE composite surface. However, 
this study only characterises the surface of the coated samples, and does not give any information 
about the chemical bonding between the coating and the epoxy resin of the substrate.  
 
Based on the IR spectra discussed above, a possible mechanism of polymerisation of VPA can be 
proposed as shown in Fig. 3. The photo-induced radical polymerisation is initiated by UV-
irradiation in the presence of the photo-initiator (Darocur 1173). The photo-initiator decomposes 
to produce two initiating free radicals. The free radicals attack the VPA monomer molecule to 
form an active monomer as demonstrated in Fig. 3 (a). Following the photo-initiation step, the 
active monomer attacks other monomers, forming active dimers, trimers etc. This process keeps 
repeating and many more monomers are successively added to a growing chain forming an active 
long chain (see Fig. 3 (b-1). In parallel, the active monomers can also attack triallyl isocyanurate 
(crosslinker) molecules, initiating another chain reaction, crosslinking triallyl isocyanurate with 
VPA growing chains and forming a three dimensional network (see Fig. 3 (b-2). In principle, any 
two radicals in the radically-induced polymerisation system can combine to give an inactive 
product. Therefore, the VPA growing chains are terminated at some point when the active chain 
centre is destroyed by an appropriate reaction depending on the type of reactive centre and the 
particular reaction conditions, such as combination or disproportionation reactions. In Fig. 3 (c), 
the simplest possible termination steps are illustrated as (1) a combination reaction, which is a 
joining of the two long chains with an active radical (––CH●) to give a poly (vinyl phosphonic 
acid) and (2) a disproportionation reaction to give two terminated chains, one with an unsaturated 
end group and the other fully saturated. 
 
 
3.3 Flammability behaviour of glass fibre-reinforced epoxy composite (GRE) 
The flammability behaviours of GRE composite samples with and without PVPA coatings were 
evaluated by a cone calorimeter at 35 and 50 kW/m2 without an ignition source. The HRR and 
mass loss vs. time curves of the control and coated samples are shown in Fig. 4 while the extracted 
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numerical data are presented in Table 2. At 35 kW/m2, the control sample ignited after 110 s of 
continued exposure to the heat without spark ignition. Fig. 4 shows a sharp and intense single peak 
of HRR of 504 kW/m2 at 141 s. The process of heat release from the control sample finished within 
270 s (see Table 2). At the end of the test, all the resin was burnt, and only layers of glass fabric 
were left as shown in Table 3. With increase of external heat flux to 50 kW/m2, the TTI reduced 
to 60 s, whereas PHRR, THR and smoke production increased to 572 kW/m2, 42.2 MJ/m2 and 
1180 m2/m2, respectively.  This is as expected; the increase of net heat flux on the exposed 
composite surface leads to considerable increase in the rate of resin decomposition. Thus, the 
critical volatile mass flux is achieved earlier, resulting in reduction in TTI. The increases in net 
heat flux on the surface also results in increased burning propensity, leading to increase in PHRR 
and THR.   
  
With PVPA coatings of 320 and 510 µm thicknesses, Fig. 4 (a-b), all three replicates of GRE-
0.3PVPA and GRE-0.5PVPA samples did not ignite, showing flat lines of the HRR curves in Fig. 
4(a). There is no obvious PHRR for GRE-0.3PVPA and GRE-0.5PVPA. Hence, all the PVPA 
coated samples displayed a very low total THR ( ~ 1 MJ/m2 compared to 35.7 MJ/m2 in the control) 
and TSR values (~380 m2/m2 compared to 896 m2/m2 for control). Besides, a significant reduction 
in mass loss rate was also observed for all PVPA-coated samples compared to the control sample 
(Fig. 4 (b)). At the end of experiment an intumesced char of the coating could be clearly seen 
(Table 3).  
 
At 50 kW/m2 heat flux GRE-0.3PVPA samples with ~320 µm coating thickness (GRE-0.3PVPA1 
and GRE-0.3PVPA3 specimens) ignited, but the TTI was significantly delayed to 195 s. The 
insulating effect of the charred PVPA layer is clearly seen from a very low heat release rate 
compared to the control sample (Fig. 4 (c)). The PHRR in these specimens was also significantly 
lower (86 kW/m2) than of the control (572 kW/m2) and the TPHRR considerably higher (~330 s 
compared to 99 s in the control).  The THR and TSR values of those two GRE-0.3PVPA samples 
are also significantly lower than that of the control sample (see Table 2). The third specimen, 
which did not ignite, showed no obvious PHRR. With increase in coating thickness to ~500 µm, 
the insulating effect of the charred PVPA coatings increased. All the three replicate specimens of 
GRE-0.5PVPA did not ignite, and showed very low heat release, THR and TSR values compared 
to other two samples (Fig. 4 (c)) and a significant reduction in the mass loss rate (Fig. 4 (d)).  
  
The superior flame retardant and thermal barrier efficacy of the PVPA coating is due to its ability 
to form an intumescent char, which protects the underlying composite substrate from heat/fire and 
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severe burning. The expanded chars of each coating at both heat fluxes  are shown in Table 3; the 
320 µm of PVPA coating formed a 29 mm thick char, while 510 µm thick coating (GRE-0.5PVPA) 
provided a 32 mm thick char layer at 35kW/m2 heat flux. The expansion ratio of 320 µm coating 
was 96, while for 520 µm thick, it was only 64, indicating that the char expansion ratio decreases 
with increasing coating thickness. With increase in heat flux, there is a little effect on char 
expansion ratio.  This intumesced char slows down the decomposition of the epoxy resin in the 
composite by acting as a barrier to the passage of heat to the underlying substrate and impeding 
diffusion of volatile combustible product from the substrate to the surface [24]. The excellent 
thermal barrier and flame retardant properties of the GRE composites afforded by this PVPA 
coating could be attributed to the high concentration of phosphorus and nitrogen elements in its 
composition, and to the coating intumescing when heated. The PVPA coating consists of three key 
components similar to those used in conventional intumescent coatings, which are the 
carbonisation agent, an acid source and a blowing agent [25]. As can be seen from images of the 
char residues in Table 3, only the coating is intumescing and the substrate is not participating in 
the intumescence process. On exposure to heat, the decomposition of the poly (vinyl phosphonic 
acid) generates phosphoric acid and water vapours. Similar to an intumescent system, the 
expandable charred layer of PVPA can be formed as the released acid could react with the carbon 
source, the polymer backbone of PVPA (-CH2-), to form a viscous fluid char layer, while the 
liberated water vapour acts as the blowing agent. There are many examples in the literature of 
vinyl polymers acting as char formers [26-28] to support this mechanism. This expanded charred 
layer provides a thermal barrier to decomposition of the underlying composite as discussed above. 
The thermal barrier efficiency of the coating is strongly dependent upon the thickness of the char 
formed. Therefore, the optimum thickness providing the best thermal barrier/insulative 
performance to protect the GRE composite substrate lies between 360 and 570 µm. 
 
3.4 Thermal barrier properties 
In order to further assess the thermal barrier effectiveness of the PVPA coating, the 
temperature/time profiles of all samples were measured at the surface and unexposed (back) 
surface of the composite. It is to be noted that in the control sample, the thermocouple was placed 
on the surface, hence gives only an estimated surface temperature, whereas, for coated samples, 
the obtained surface temperatures are not a real surface temperature, owing to the heat boundary 
movement during char expansion at high temperatures (see Table 3). Therefore, only the back 
surface temperatures as a function of time for each sample were accounted in this study and are 
shown in Fig. 5. An effective thermal protection coating would significantly slow down heat 
conduction through the composite thickness resulting in lower temperature rises at the back of the 
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samples. This can be clearly seen in Fig 5, where the thermal barrier effectiveness of PVPA 
coatings is demonstrated, by a significant reduction of the rate of temperature rise of the coated 
GRE composite surface temperature compared to that of the control sample. 
 
The times taken for the insulated/back surfaces of the exposed GRE composite to reach the glass 
transition temperature of a typical epoxy resin (180 oC) and onset of decomposition temperatures 
(250 oC) are given in Table 4.  In our previous studies [29], we observed that at glass transition 
temperature of the resin (150°C in that case), composite samples lost all their in-situ flexural 
strength owing to thermal softening of the resin. In this paper, the time for the back surface 
temperature to reach 180°C is used as a measure of the effectiveness of the surface coating in 
providing thermal protection to the underlying composite. The results in Table 4 also showed that 
at 35 kW/m2, the back surface temperature of the control sample reaches 180 and 250 oC within 
58 and 86 s respectively, whereas the time to reach both temperatures  in GRE-0.3PVPA sample 
are increased to 82 and 119 s, respectively. The further increases in time were observed in the 
thicker coating, i.e. in GRE-0.5PVPA sample, time to reach 180 and 250 oC at the back surface 
are 92 s and 166 s, respectively. A similar effect is also seen at 50 kW/m2 heat flux in both GRE-
0.3PVPA and GRE-0.5PVPA samples, the latter being more effective. It is therefore expected that 
the degradation in residual flexural performance of the composite follows a similar pattern. 
 
3.5 Flexural performance after exposure to different heat flux conditions 
The effect of radiant heat on the mechanical properties of the GRE composites was investigated 
by exposing samples to a cone calorimeter at different heat fluxes for prescribed time periods (i.e. 
35 kW/m2 for 120 and 240 s; 50 kW/m2 for 30 s), and then measuring the residual flexural modulus 
of the samples by a three point-bending test. These relatively short periods of thermal exposure 
were chosen as the GRE composites being investigated in this work are thermally and physically 
thin; prolonged thermal exposure to simulate practical fire scenarios in fire-prone engineering 
structures would have completely depleted all the flexural strength [30]. Moreover, since the post-
fire flexural performance of the coated GRE composites are compared with that of the uncoated 
sample, the thermal exposure periods are irrelevant.  
 
The percent flexural modulus retentions for all heat-damaged samples are reported in Table 5. The 
results show that the control composite after exposure to 35 kW/m2 for 120 s showed 47 % flexural 
modulus retention, while both PVPA coated samples had > 86 % retention. As the exposure time 
was increased to 240 s, the control composite sample almost lost its flexural strength; only 13 % 
modulus was retained. Whereas, both PVPA coated samples retained > 50% of their original 
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flexural modulus, i.e. GRE-0.3PVPA retained 66 % and GRE-0.5PVPA retained 84 %. When the 
heat flux was increased to 50 kW/m2 and exposure time was reduced to 30 s, the control sample 
retained 73% of its original flexural modulus, while GRE-0.3PVPA and GRE-0.5PVPA samples 
retain 88 and 93% of their original flexural moduli, respectively. These results further illustrate 
the thermal barrier efficiency of the PVPA coating.   
 
3.7 Durability of coatings 
 
3.7.1 Adhesion between coatings and GRE surfaces 
Table 6 shows the % mass loss and % coating peeled off after the tape pull test for all coated 
samples. In both coated samples, a minimal mass loss of ~ 0.01% was observed, indicating that 
there is no peeling of the PVPA coating. This probably indicates that during polymerisation of the 
VPA monomers, there is chemical bonding with the epoxy resin on the GRE surface resulting in 
a high adhesion strength at the interface between coating and substrate. 
 
3.7.2 Impact damage 
The effect of impact on the morphology of surface coatings is shown in Fig. 6, where the digital 
images of surfaces of all samples after 5 J impact drop weight testing are shown. The results show 
that the GRE composite without any coatings exhibited small damage on the surface, while there 
is no surface damage observed in both coated samples, indicating that the coatings are intact. The 
images of the back surfaces clearly show damage in the control sample. In 300 µm coated sample 
a small damaged area can be seen on the back surface, whereas in 500 µm coated surface there is 
no visible damage. This indicates that the PVPA coating show resilience under 5 J impact energy 
loading and that the application of this coating also protected the surface of the GRE composite 
from impact damage.      
 
3.7.3 Effect of water on PVPA coatings 
The effect of water on the durability of PVPA coatings was studied by a water soak test and the 
results are reported in Table 6 in terms of the mass change after the test. In GRE-0.3PVPA sample, 
a 67.2 % mass loss of coating occurred after 24 h soaking in water, which increased to 69.2 % 
after drying in an oven at 100 oC. Similarly, the sample with the thicker coating, GRE-0.5PVPA, 
showed a 75.3 % mass loss of coating after water soak test and drying at RT, increasing to 77.2 % 
after drying at 100 oC. These results indicate that the PVPA coating is hygroscopic. This is likely 
due to a large number of hydroxyl groups in the vinyl phosphonic acid (VPA) polymer, which 
impart a hydrophilic character to the coating. Work is on going in our laboratory to improve the 
hydrophobicity. Several strategies are being employed, including changing cross linker 
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percentage, replacement of some vinyl phosphonic acid with a more hydrophobic monomer and 
modification of the interface between the coating and the substrate surface. 
 
4. Conclusions 
 
A vinyl phosphonic acid polymer (PVPA) coating can be uniformly deposited on a GRE 
composite surface via UV photo-polymerisation. The PVPA coating provides very efficient 
thermal barrier protection to the GRE composite. The coating prevents ignition at 35 kW/m2. At 
50 kW/m2, some specimens ignite, but there is a significant reduction in PHRR, THR and TSR 
values compared to those of the GRE composite. This PVPA coating also delays and reduces the 
heat transfer through the composite, resulting in the retention of flexural modulus after exposure 
to high heat fluxes. The thermal barrier effect of this PVPA coating increases with increasing 
coating thickness. The best results were observed with a ~500 µm thick coating.  
 
The PVPA thin film appeared chemically bonded to the epoxy surface and the coating did not peel 
off when subjected to a tape pull test. Moreover, the PVPA coatings were resistant to cracking / 
debonding after the 5 J energy impact drop weight test. However, after 24 h of soaking in water, 
the PVPA coated samples showed a significant mass change, which indicates the poor water 
resistance of the coating.  
 
 
 
References 
 
[1] J. Green, Fire-retardant/fire-resistive coatings, in: A. Tracton (Eds.), Coating technology 
handbook, third ed., CRC Press, Boca Raton, FL, 2005, pp. 773–778  
[2] S. Liang, N. M. Neisius and S. Gaan, Recent developments in flame retardant polymeric 
coatings, Prog. Org. Coat. 76 (2013) 1642– 1665.  
[3] T. J. Ohlemiller and J. R. Shields, The effect of surface coating on fire growth over composites 
materials on a corner configuration, Fire Safety J. 32 (1999) 173 – 193.  
[4] B.K. Kandola, W. Bhatti   and E. Kandare, A comparative study on the efficacy of varied surface 
coatings in fireproofing glass/epoxy composites, Polym. Degrdn. Stab. 97 (2012) 2418-2427  
[5] H.L. Vandersall, Intumescent coating systems, their development and chemistry, J. Fire 
Flammability 2 (1971) 97-140. 
[6] M.V. Kahraman, N.K. Apohan, N. Arsu and A. Güngör, Flame retardance of epoxy acrylate 
resin modified with phosphorus containing compounds, Prog. Org. Coat. 51 (2004) 213–219.  
13 
 
[7] M. Messori, M. Toselli, F. Pilati, E. Fabbri, P. Fabbri, S. Busoli, et al., Flame retarding  
poly(methyl methacrylate) with nanostructured organic–inorganic hybrids coatings, Polymer 44 
(2003) 4463–4470. 
[8] D. Price, K. Pyrah, T.R. Hull, G.J. Milnes, J.R. Ebdon, B.J. Hunt, P. Joseph, C.S. Konkel, Flame 
retarding poly(methyl methacrylate) with phosphorus containing compounds: comparison of an 
additive with a reactive approach, Polym. Degrdn. Stab. 74 (2001) 441–447. 
[9] E. C. Akmakc  ¸ Y. Mülazim, M.V. Kahraman and N.K. Apohan, Flame retardant thiolene 
photocured coatings, React. Funct. Polym. 71(2011) 36–41. 
[10] T. Imamoglu and Y. Yaggi, Photocuring of acrylate oligomers in the presence of vinyl 
phosphonic acids as a flame retarding monomer and the properties of the cured films, Turk. J. 
Chem. 25 (2001) 1-9.  
[11] Z. Huang and W. Shi, Synthesis and properties of a novel hyperbranched polyphosphate acrylate 
applied to UV curable flame retardant coatings, Eur. Polym. J. 43 (2007) 1302–1312. 
[12] M.J. Tsafacka, J.L. Grqtzmacher, Plasma-induced graft-polymerisation of flame retardant 
monomers onto PAN fabrics, Surf. Coat. Tech. 200 (2006) 3503– 3510. 
[13] K. Opwis, A. Wego, T. Bahners and E. Schollmeyer, Permanent flame retardant finishing of 
textile materials by a photochemical immobilization of vinyl phosphonic acid, Polym. Degrdn. 
Stab. 96 (2011) 393-395. 
[14] B. Biswas and B.K. Kandola, The effect of chemically reactive type flame retardant additives 
on flammability of PES toughened epoxy resin and carbon fiber-reinforced composites, Polym. 
Advan. Technol. 22 (2011) 1192-1204.   
[15] S.W. Tsai and H.T. Hahn, Introduction to Composite Materials, Technomic Pub. Co. Inc., 
Stamford, Connecticut, 1980, pp. 167-216.  
 
[16] BS EN ISO 2409, Paints and varnishes-cross cut test, British Standards Institute, UK (2007) 
[17] BS EN ISO 2812-2, Paints and varnishes: Determination of resistance to liquids:  Water 
immersion method, British Standards Institute, UK (2007) 
[18] A. Aslan, S. Ü. Çelik and A. Bozkurt, Proton-conducting properties of the membranes based on 
poly(vinyl phosphonic acid) grafted poly(glycidyl methacrylate), Solid State Ionics 180 (2009) 
1240– 1245.  
[19] M. J. Phillips, P. Duncanson, K. Wilson, J. A. Darr, D. V. Griffiths and I. Rehman, Surface 
modification of bioceramics by grafting of tailored allyl phosphonic acid, Adv. Appl. Ceram. 
104 (2005) 261-267.  
[20] G. Socrates, Infrared and raman characteristic group frequencies: Tables and charts, third ed., 
Wiley, New York, 2001. 
14 
 
[21] G. Uscumlic, M. Zreigh and D. Mijin, Investigation of the interfacial bonding in composite 
propellants 1,3,5-trisubstituted isocyanurates as universal bonding agents, J. Serb. Chem. Soc. 
71 (2006) 445–458.  
[22] N. Sahinera and S. Sagbas, The preparation of poly (vinyl phosphonic acid) hydrogels as new 
functional materials for in situ metal nanoparticle preparation, Colloid Surface A. 418 (2013) 
76–83.  
[23] J. Coates, Interpretation of infrared spectra: A practical approach, in: R.A. Meyers (Eds.), 
Encyclopedia of Analytical Chemistry, John Wiley & Sons Ltd, Chichester, 2000, pp. 10815–
10837. 
[24] L. Tibiletti, L. Ferry, C. Longuet, A. Mas, J.J. Robin and J.M. Lopez-Cuesta, Thermal 
degradation and fire behavior of thermoset resins modified with phosphorus containing styrene, 
Polym. Degrdn. Stab. 97 (2012) 2602-2610.  
[25] G. Camino and S. Lomakin, Intumescent materials in fire retardant materials, in:  A. R. Horrocks 
and D. Price (Eds.), Fire retardant materials, Woodhead Publishing, 2001, pp. 318 – 319. 
[26] L. Costa, M. Avataneo, P. Bracco and V. Brunella, Char formation in polyvinyl polymers I. 
Polyvinyl acetate, Polym. Degrdn. Stab., 77 (2002) 503-510. 
[27] J. W. Gilman, D. L. VanderHart and T. Kashiwagi, Thermal decomposition chemistry of 
poly(vinyl alcohol), Chapter 11 in Fire and Polymers II: Materials and Test for Hazards 
Prevention, ACS Symposium Series 599, Washington DC, 1994 
[28] S. K. Brauman, Char formation in polyvinyl chloride. III. Mechanistic aspects of isothermal 
degradation of PVC containing some dehydrochlorination/charring agents, J.  Appl. Polym. 
Sci., 26, (1981) 353-371. 
[29] E. Kandare, B.K. Kandola, P. Myler, G. Edwards, Thermo-mechanical responses of fiber-
reinforced epoxy composites exposed to high temperature environments. Part I: experimental 
data acquisition, J. Compos. Mater. 44 (2010) 3093–3114. 
[30] E. Kandare, B.K. Kandola and P. Myler, Evaluating the influence of varied fire-retardant surface 
coatings on post-heat flexural properties of glass/epoxy composites, Fire Safety J. 58 (2013) 
112–120.  
  
15 
 
Table and Figure Captions 
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fluxes without an ignition source 
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the GRE and coated GRE composite samples 
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Table 5:  The flexural modulus and % modulus retention of the control and all coated samples 
after exposure to radiant heat of 35 and 50 kW/m2 heat fluxes for different times 
Table 6:  The mass loss (%) of the PVPA coating after the tape pull test and water-soak test 
 
 
Fig. 1:   SEM images of the GRE and PVPA coated sample surfaces at various magnifications 
Fig. 2:  IR spectra of a) the GRE composite, (b) VPA monomer and (c) GRE-PVPA 
Fig. 3:  Possible mechanism of photo-polymerisation of VPA; (a) photo-initiation step, (b) 
propagation step and (c) termination steps 
Fig. 4:  Heat release and mass loss versus time curves of the GRE and coated samples at 35 and 
50 kW/m2 heat fluxes without an ignition source  
Fig. 5:  The back surface temperatures (TB) as a function of time of all the samples when 
exposed to (a)  35 and (b) 50 kW/m2 heat fluxes 
Fig. 6:  Images of impact damage and damaged observations on the front (impacted side) and 
back surfaces of the GRE and coated samples after 5 J drop-weight impact tests 
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Table 1:  
Physical properties of the GRE composite (75 mm x 150 mm plaque) samples and the coatings 
applied on the surfaces of the composite samples 
Sample 
Composite before coating  
 
PVPA Coating  % PVPA coating 
deposition 
(Mass%, w.r.t 
composite) 
Thickness 
(mm) 
Mass 
(g) 
 Thickness 
(µm) 
Mass 
(g) 
GRE-0.3VPA 2.2 ±0.1 39.4 ±1.1 
 
360 ±20 7.0 ±0.3 17±1 
GRE-0.5VPA 2.1 ±0.1 38.9 ±2.0  570 ±60 12.1 ±0.9 26 ±4 
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Table 2:  
Cone calorimetric data for the control and all coated samples at 35 and 50 kW/m2 heat fluxes 
without an ignition source 
 
Heat flux 
(kW/m2) 
Sample 
Specimen 
No. 
TTI 
(s) 
FO  
(s) 
PHRR 
(kW/m²) 
TPHRR 
(s) 
THR 
(MJ/m²) 
TSR 
(l) 
35 
GRE 1,2,3T 110±2 270±4 504 ±12 141 ±13 35.7 ±2.3 896 ±148 
GRE-0.3PVPA 1*,2*,3T* - - 8 ±2 259 ±29 1.2 ±0.6 384 ±68 
GRE-0.5PVPA 1*,2*,3T* - - 6 ±1 221 ±66 0.9 ±0.8 330 ±19 
50 
GRE 1,2,3T 60 ±2 196±10 572 ±33 99 ±13 42.2 ±1.7 1180 ±22 
GRE-0.3PVPA 
1, 3T 
2* 
195 ±15 
 - 
431±65 
- 
86 ±5 
18 
301 ±49 
330 
15.1 ±3.5 
4.2 
987 ±34 
537 
GRE-0.5PVPA 1*,2*,3T* - - 13 ±2 243 ±33 2.3 ±0.7 421 ±89 
* indicates that the sample did not ignite 
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Table 3: 
Digital images of residual char obtained at the end of cone calorimeter experiments of the GRE 
and coated GRE composite samples 
 
* indicates that the sample did not ignite; Expansion ratio is the char thickness divided by original coating thickness 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Heat flux 
(kW/m2) 
Sample Char residual images 
Exposure 
time (s) 
Char 
thickness 
(mm) 
Expansion 
ratio 
35 
GRE 
 
450 - - 
GRE-0.3PVPA* 
 
450 29 ± 1 96 ± 4 
GRE-0.5PVPA* 
 
450 32 ± 2 64 ± 3 
50 
GRE 
 
400 - - 
GRE-0.3PVPA* 
 
400 29 ± 2 98 ± 6 
GRE-0.5PVPA* 
 
400 37 ± 3 75 ± 6 
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Table 4:  
The time required to reach the selected temperatures at the surface and back surface of all samples 
at different heat fluxes 
 
Heat fluxes 
(kW/m2) 
Sample 
Time (s) to reach 180 
oC  
 Time (s) to reach 250 
oC  
 
Back surface ∆t   Back surface ∆t   
35 
GRE 55 -  86 -  
GRE-0.3PVPA* 82 [+27]  119 [+33]  
GRE-0.5PVPA* 92 [+37]  166 [+80]  
50 
GRE 45 -  77 -  
GRE-0.3PVPA* 75 [+30]  115 [+38]  
GRE-0.5PVPA* 88 [+43]  139 [+62]  
* indicates that the sample did not ignite; only one sample was tested; The data in brackets, [], represent the increase 
(+) in time to reach a selected temperature w.r.t the GRE sample 
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Table 5:  
The flexural modulus and % modulus retention of the control and all coated samples after exposure 
to radiant heat of 35 and 50 kW/m2 heat fluxes for different times 
Sample 
Exposure to 35 kW/m2  Exposure to 50 kW/m2 
120 s  240 s  30 s 
EUn (GPa) EDam (GPa)  EUn (GPa) EDam (GPa)  EUn (GPa) EDam (GPa) 
GRE 15.0 ±0.2 7.1 ±1.4 [47]  16.0 ±0.8 2.1 ±0.4 [13]  14.8 ±0.2 10.9 ±0.1 [73] 
GRE-0.3PVPA 11.1 ±0.4 9.4 ±0.4 [86] 
 
11.9 ±0.6 7.7 ±0.4 [66]  11.7 ±0.2 10.2 ±0.1 [88] 
GRE-0.5PVPA 12.6 ±0.3 11.1 ±0.1 [89]  12.7 ±0.1 10.6 ±0.1 [84]  12.1 ±0.6 11.1 ±0.1 [93] 
EUn indicates the flexural modulus of undamaged specimen; The percent retention in flexural modulus is given in 
square brackets [], which is calculated as % retention in Flexural modulus =
𝐸𝐷𝑎𝑚
𝐸𝑈𝑛
 𝑥 100 
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Table 6:  
The mass loss (%) of the PVPA coating after the tape pull and water-soak tests 
Sample 
Tape pull test  Water soak test 
% Mass loss after 
tape pull test 
% 
Peeling 
 
% Mass loss after 
24 h drying at RT 
% Mass loss after    
drying at 100oC for 2 h 
GRE-0.3PVPA -0.01±0.01 -  -67.2 ±3.5 -69.2 ±3.6 
GRE-0.5PVPA 0.00 ±0.02 -  -75.3 ±2.6 -77.2 ±2.6 
The (–) signs representing reductions of the coating mass after test 
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Fig. 1:  SEM images of the GRE and PVPA coated sample surfaces at various magnifications  
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Fig. 2: IR spectra of a) the GRE composite, (b) VPA monomer and (c) GRE-PVPA 
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Initiation step:  
 
 
 
 
 
Propagation steps: 
 
 
 
 
 
Termination step: 
 
 
 
Fig. 3: Possible mechanism of photo-polymerisation of VPA; (a) photo-initiation step, (b) 
propagation step and (c) termination steps 
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Fig. 4: Heat release and mass loss versus time curves of the GRE and coated samples at 35 and 50 
kW/m2 heat fluxes without an ignition source  
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Fig. 5: The back surface temperatures (TB) as a function of time of all the samples when exposed 
to (a)  35 and (b) 50 kW/m2 heat fluxes 
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Fig. 6: Images of impact damage and damaged observations on the front (impacted side) and back 
surfaces of the GRE and coated samples after 5 J drop-weight impact tests 
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